In silico and in vitro analyses of the pathological relevance of the R258H mutation of hepatocyte nuclear factor 4a identified in maturity-onset diabetes of the young type 1 ABSTRACT Mutations of the hepatocyte nuclear factor 4a (HNF4a) gene give rise to maturity-onset diabetes of the young type 1. Although many such mutations have been identified in affected individuals, part of these mutations has been characterized with regard to their pathological relevance. We here identified a missense mutation (c.773G>A, p.R258H) of HNF4A in a mother and daughter with early-onset diabetes and impaired insulin secretion. In silico simulation and in vitro luciferase reporter analyses showed that the mutation impairs the stability of self-dimerization and the transactivation activity of HNF4a. Although arginine-258 does not appear to participate directly in dimerization, its mutation alters the electrostatic surface potential of the dimer interface. Our results thus suggest that this mutation impairs the function of HNF4a and thereby contributes to the pathogenesis of maturity-onset diabetes of the young type 1.
INTRODUCTION
Maturity-onset diabetes of the young (MODY) is a monogenic form of diabetes characterized by autosomal dominant inheritance and a defect in pancreatic b-cell function 1 . Mutations in the gene for the transcription factor hepatocyte nuclear factor 4a (HNF4a) give rise to MODY1, which accounts for~5% of all MODY cases 1, 2 . Although >100 mutations of HNF4A have been identified in individuals clinically diagnosed with MODY1, part of these mutations has been characterized with regard to their pathological relevance 3 . Here, we report two cases of MODY1 in a mother and daughter with a missense mutation (c.773G>A, p.R258H) of HNF4A. Although this mutation has been previously identified in siblings diagnosed with MODY1 4 , functional analysis of the mutant protein has not been carried out. We therefore investigated the pathological relevance of this mutation with in silico simulation analysis and in vitro experiments.
METHODS

Gene Sequencing
All exons of HNF4A were amplified by polymerase chain reaction from genomic deoxyribonucleic acid (DNA) isolated from peripheral blood cells and with primers listed in Table S1 . The polymerase chain reaction products were directly sequenced with the use of a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Carlsbad, CA, USA) and a 3730 DNA analyzer.
All the data of the proband and her mother presented in this study, including the results of genetic analyses, were collected for the diagnosis and the treatment of their disease. The proband and her mother provided written consent to publish their clinical data.
In silico simulation analysis The three-dimensional structure and electrostatic surface potential of mutant forms of HNF4a were analyzed as described previously 5 with the use of three-dimensional structure information for wild-type human HNF4a obtained from Protein Data Bank (PDB ID: 3FS1). The binding stability of dimerization was evaluated with the ZDOCK score calculated with ZDOCK software 6 , as described in Data S1.
Luciferase Reporter Assay
The promoter region of the ABCC6 gene (nucleotides -332 to +72 [relative to the transcription start site]), a target of HNF4a 7 , was subcloned into the pGL3 Basic Vector (Promega, Madison, WI, USA) to yield pABCC6-luc. COS-7 cells were transfected with pABCC6-luc, pcDNA3.1 encoding wild-type or mutant forms of HNF4a2 (or empty pcDNA3.1) and a plasmid encoding b-galactosidase. Luciferase and b-galactosidase activities in cell lysates were measured 48 h after transfection, and the former was normalized by the latter.
RESULTS
Case
The proband, a Japanese woman born with birthweight of 2,554 g at 36 weeks-of-gestation was diagnosed with diabetes at 10 years of age, and was admitted to Kobe University Hospital, Kobe, Japan, for evaluation and management of her disease at age 16 years. She was treated with basal-bolus insulin therapy. On admission, her hemoglobin A 1c level was 14.5%, and antibodies to glutamic acid decarboxylase and to insulinomaassociated protein-2 were negative (Table S2 ). She had no severe hypoglycemic episode and apparent diabetic microvascular or macrovascular complications. Her mother was the only family member also known to have diabetes ( Figure S1 ), with which she had been diagnosed at age 14 years.
Insulin secretion was evaluated in the proband after her glycemia had been lowered sufficiently. The average of the sum of serum C-peptide immunoreactivity (ΣCPR) during an oral glucose tolerance test (8.6 ng/mL) was markedly lower than that previously reported for individuals with diabetes (~20 ng/mL; Table 1 ) 8 . The secretion of C-peptide (peak CPR 2.77 ng/mL), but not that of glucagon, in response to an arginine challenge test was lower than that described for type 2 diabetes patients (peak CPR~4 ng/mL; Table 1) 9 . The secretion of C-peptide during a glucagon challenge test (DCPR 1.2 ng/mL) was also lower than that previously reported for type 2 diabetes patients (average DCPR 2.0 ng/mL; Table 1) 
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. A glucagon challenge test carried out with the proband's mother showed that the Cpeptide response was even lower than that of the proband (Table 1) . These results were indicative of impaired b-cell function in both the proband and her mother. Concomitantly, insulin therapy was considered to be necessary for this patient.
Mutation Analysis of HNF4A Mutational screening of genes known to be responsible for MODY showed that both the proband and her mother harbored a heterozygous mutation (c.773G>A) of HNF4A that alters the encoded amino acid sequence (p.R258H; Figure S2 ). HNF4a forms a homodimer through its ligand-binding domain that is essential for its transactivation activity 11 . The crystal structure of a complex of HNF4a with DNA and a coactivator 11 shows that Arg 258 (R258) is located near the dimer interface ( Figure S3 ).
In Silico Simulation Analysis
With the use of in silico simulation, we constructed the threedimensional structures of dimers formed by wild-type HNF4a or by MODY1-associated mutants (E276Q, R258H, V255M) that harbor amino acid substitutions near the dimer interface, and we calculated the ZDOCK score as a measure of dimer stability. The transactivation activity of the E276Q mutant was previously shown to be impaired in vitro 12 . The ZDOCK scores of heterodimers formed by the E276Q or R258H mutants with Plasma glucose or glucagon as well as serum C-peptide concentrations before and 30, 60 or 120 min after the oral administration of glucose (75 g) or intravenous administration of arginine (0.5 g/kg) were measured. Plasma glucagon was measured with a radioimmunoassay (BML, Tokyo, Japan). For the glucagon challenge test, glucagon (1 mg) was injected intravenously after the participants had been deprived of food overnight, with plasma glucose and serum C-peptide being measured before (pre) and 6 min after (post) the injection. ΣCPR, sum of serum C-peptide immunoreactivity. the wild-type protein were lower than that of the wild-type homodimer, and the scores of the mutant homodimers were lower than those of the corresponding heterodimers, suggestive of a pathological role for these mutations (Table 2 ). In contrast, the ZDOCK score of the heterodimer formed by the wild-type protein and the V255M mutant, which manifests normal transactivation activity 12 , was similar to that of the wild-type homodimer, suggesting that this mutation is of little pathogenic relevance ( Table 2) .
We also analyzed the electrostatic surface potential of the dimer interface for wild type and R258H. Although the electrostatic potential at position 258 is similar, the surface of helix 10/11 (H10/11), which plays an important role in dimerization 11 , is acidic in the wild type, but neutral in the R258H (Figure 1) . Collectively, these results suggest that the R258H mutation alters the function of HNF4a by affecting protein structure adjacent to its position.
Luciferase Reporter Analysis
Finally, we measured the transactivation activity of the R258H mutant in vitro. Forced expression of wild-type HNF4a in COS-7 cells resulted in a marked increase in luciferase expression driven by the ABCC6 promoter ( Figure 2) . The luciferase activity in cells expressing the R258H or E276Q mutants was significantly lower than that in those expressing the wildtype protein (Figure 2 ), providing further support for the pathological relevance of the R258H mutation.
DISCUSSION
We have characterized the pathological relevance of a mutation of HNF4A identified in a mother and daughter with early-onset diabetes and impaired insulin secretion. Both women were thus diagnosed with MODY1. Although the mutation (c.773G>A) was previously identified in a single family 4 , we now show that it confers a functional defect with the use of in silico simulation analysis and in vitro experiments.
The simulation analysis and luciferase reporter assay showed that the stability of the dimers formed by and the transactivation activity of the R258H mutant are impaired. The crystal structure of HNF4a shows that Arg 258 is located near the dimer interface 11 . Whereas Arg 258 does not directly participate in dimerization, it forms an intramolecular salt-bridge with Glu
262
, as well as hydrogen bonds with Ser 337 and Gln 341 (Figure S3 ). These hydrophilic interactions might stabilize the orientation of H10/11, which plays a pivotal role in dimerization. The electrostatic surface potential of H10/11 differs between the wild-type and R258H mutant proteins. Instability of dimerization conferred by the R258H mutation might thus result from an allosteric structural change at H10/11.
SUPPORTING INFORMATION
Additional supporting information may be found online in the Supporting Information section at the end of the article. Figure S3 | Mapping of Arg258 to the crystal structure of human hepatocyte nuclear factor 4a (HNF4a). The structure of fulllength HNF4a complexed with deoxyribonucleic acid and a coactivator (PDB ID: 4IQR) is presented. The left panel shows the entire complex, whereas the right panel shows a zoomed-in image of the dimer interface. Three residues, Glu 262, ser337 and Gln341, involved in the interaction with Arg258 are shown. Table S1 | Polymerase chain reaction primers used for amplification of hepatocyte nuclear factor 4a exons. 
